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Abstract. Although the parallel-connected DC/DC converters have attracted attention in re-
cently, analysis of it is not easy because of its complicity. In this study, we analyze a simple
interrupted electric circuit, which has two interrupted switches. First, we show the circuit model
and explain its dynamics. Then, we define the sampled data model. Using the sampled data
model, we derive the 1- and 2-parameter bifurcation diagrams. Finally, we discuss characteris-
tics of the circuit by comparing the circuit with single interrupted switch.
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1 Introduction

An electric circuit, which has the switch depending on the state and a periodic interval,
has the interrupted characteristics. It is known that the interrupted electric circuit has
two or more subsystems. Moreover, the discrete map of the interrupted electric circuit
is categorized as the piecewise smooth map. The power conversion circuits, for exam-
ple converters or inverters, are the typical example of them. There are rich nonlinear
dynamics in the power conversion circuits upon varying the circuit parameter [1, 2].
It is important to analyze the nonlinear dynamics in the interrupted electric circuit
not only for understanding circuit characteristics but also for the practical application.
For this reason, many researchers have analyzed them for the past decades [3–6]. We
have also proposed an interrupted electric circuit, which simulates switching dynam-
ics of the frequency mode controlled DC/DC converter, for rigorously analyzing and
understanding nonlinear phenomena of the interrupted electric circuit [7].

Circuit’s characteristics and its nonlinear behavior of a simple class of the inter-
rupted electric circuit, such as the single buck, boost, or buck-boost converters, have
been completely studied in the previous works [8, 9]. But, detailed analysis of the
high-dimensional interrupted electric circuit, such as the parallel connected DC/DC
converters, resonate converters, and so on, is insufficient and their basic characteris-
tics remains unclear because of the complex circuit dynamics. So, we have proposed
the simplest interrupted electric circuit, which has two interrupted switches, for un-
derstanding characteristics of the parallel-connected DC/DC converters; both of the
proposed model and parallel-connected DC/DC converters have the two interrupted
switches, whose switching action is dependent on the state and a periodic interval.
Although the circuit has been analyzed in Ref. [10] a little, detailed analysis is insuf-
ficient.



In this study, we discuss the characteristics of the circuit with two switches by
using the simplest class of the interrupted electric circuit. First, we show the circuit
model with two switches and then we explain behavior of the waveform. Next, the
waveform is discretized by every period of the clock interval, and the return map is
defined. By using the discrete map, we derive the 1-parameter bifurcation diagram
and the 2-parameter bifurcation diagram. Moreover, we analyze the bifurcation phe-
nomena in the interrupted electric circuit with two switches. Finally, we discuss how
connecting two switches in parallel affects the qualitative property of the system com-
pared with that of a circuit with the single switch based on the numerically analysis.

2 Circuit dynamics

2.1 Circuit model

Figure 1 shows the circuit model. The switch 1 and the switch 2 change from B to A
per the clock pulse interval 2T . Note that the clock pulse of the switch 2 delays a gap
T compered with the switch 1. Also, the circuit parameters are follows:

R = 10[kΩ],C = 0.33[µF], E = 3.0[V], T = 1.0[ms] (1)

Moreover, the state in the circuit model is classified into four cases as follows:

Case1: The switch 1 and the switch 2 are A.
Case2: The switch 1 is A and the switch 2 is B.
Case3: The switch 1 is B and the switch 2 is A.
Case4: The switch 1 and the switch 2 are B.

The circuit equations are defined easily and the solution of them are expressed as
follows:
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Fig. 1. Circuit model.
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ϕ1(t, kT, vk, λ, λ1) , for state 1

ϕ2(t, kT, vk, λ, λ2) , for state 2

ϕ3(t, kT, vr, λ, λ3) , for state 3

, (2)

where vk denotes an initial value at t = kT .

2.2 Behavior of the waveform

Figure 2 shows an example of the behavior of the capacitance voltage in the circuit
model with two switches. In the following analysis, we call the behavior of the capac-
itance voltage v as the waveform. When the waveform reaches the reference value vr,
the switch 1 and the switch 2 change from A to B, i.e., the state of the circuit model
changes to state 3. After that, if the clock pulse is impressed, the state of the circuit
model changes to state 2. Moreover, if the clock pulse is impressed when the state
of the circuit model is state 2, the state of the circuit model changes to state 1 again.
Note that the clock pulse is ignored if it appears when the switch connects to A. Also,
if the state of the circuit model is state 2 when the waveform v reaches the reference
value vr, the state of the circuit model changes to state 1.

3 Discrete map

We sampled the waveform by every period of T for defining the discrete map in the
circuit. The waveform during the clock pulse interval T is classified into four types by
using the initial value vk at t = kT and the borders D and D′. The borders D and D′

are satisfied following condition:

ϕ1(T, kT,D, λ, λ1) = vr (3)
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Fig. 2. Waveforms.



ϕ2(T, kT,D′, λ, λ2) = vr (4)

The switch keeps state 1 during the clock interval if vk ≤ D is satisfied. Thus, the
discrete map M1 is defined as follows:

M1 : R → R

vk 7→ vk+1 = ϕ1(T, kT, vk, λ, λ1), (5)

where λ1 denotes a dependency parameter. Also, vk and vk+1 are the solutions at t = kT
and t = (k + 1)T .

The waveform reaches to the reference value vr at t = kT + tA if vk > D is satisfied.
Thus, we define the following map M2A:

M2A :R→Π
vk 7→vr =ϕ1(tA, kT, vk, λ, λ1), (6)

where Π denotes the reference value. After that, the waveform reaches to vk+1 at
t = (k + 1)T . Therefore, we define the following map M2B:

M2B :Π→R

vr 7→vk+1=ϕ3(T − tA, kT + tA, vr, λ, λ3), (7)

where λ3 denotes a dependency parameter. Thus, the discrete map is defined as fol-
lows:

M2 : R → R

vk 7→ vk+1 = M2B ◦ M2A.
(8)

The switch keeps state 2 during the clock interval if vk ≤ D′ is satisfied. Thus, the
discrete map M′1 is defined as follows:

M′1 : R → R

vk 7→ vk+1 = ϕ2(T, kT, vk, λ, λ2), (9)

where λ2 denotes a dependency parameter. Also, vk and vk+1 are the solutions at t = kT
and t = (k + 1)T .

The waveform reaches to the reference value vr at t = kT +t′A if vk > D′ is satisfied.
Thus, we define the following map M′2A:

M′2A :R→Π
vk 7→vr =ϕ2(t′A, kT, vk, λ, λ2). (10)

After that, the waveform reaches to vk+1 at t = (k + 1)T . Therefore, we define the
following map M′2B:

M′2B :Π→R

vr 7→vk+1=ϕ3(T − t′A, kT + t′A, vr, λ, λ3), (11)

Thus, the discrete map is defined as follows:

M′2 : R → R

vk 7→ vk+1 = M′2B ◦ M′2A.
(12)

By using the discrete maps, we derive the bifurcation diagram and discuss the quali-
tative property of the circuit in the following analysis.




